In noncentrosymmetric superconductors (NCSs), the conversion of a charge current into spin magnetization -the so called magnetoelectric effect -is the direct indicator of the intriguing, mixedparity order parameter. This paper proposes a scheme to detect the magnetoelectric effect by anomalous, equal-spin Andreev tunneling in NCS/ferromagnet contacts. The proposal relies on the nonunitary spin-triplet pairing generated in NCSs by an electric current. This bears a similarity to the paradigmatic nonunitary triplet superfluids with a complex vector order parameter d. The qualitative difference is that the induced nonunitary pairing does not require any complex d vector: It can be realized in NCSs with a purely real d and in proximity-effect structures where d = 0.
I. INTRODUCTION
Superconductivity in materials that lack a center of inversion symmetry does not fit into traditional classification of superconducting states invoking definite (even or odd) spatial parity (see, e.g., Refs. 1-6). Such noncentrosymmetric superconductors (NCSs) exhibit an antisymmetric spin-orbit coupling (SOC) and, as a result, the mixing of the even-parity, spin-singlet and odd-parity, spin-triplet Cooper pairs. Among intriguing physical consequences of the parity mixing are magnetoelectric effects manifested in the conversion of a charge current into spin magnetization and vice versa (see, e.g., Refs. 7-10), the nonuniform (helical) superconducting order 11, 12 as well as topological bulk and surface properties (see recent reviews in Refs. 5 and 6).
A close analogue of the intrinsic NC superconductivity is the mixed-parity superconducting proximity effect in hybrid structures of conventional superconductors and normal NC materials. It is particularly well pronounced in topological insulators (TIs) owing to their extraordinary large SOC. [13] [14] [15] In such proximity NCSs, the NC material converts singlet Cooper pairs into a mixture of induced singlet and triplet states. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] In the presence of time reversal symmetry, the induced triplet pairs carry no net spin magnetization, e.g., at the TI surface the pairs with both spin projections S z = ±1 (on the surface normal) occur. This induced state resembles that of intrinsic NCSs with a tetragonal crystal lattice lacking the z → −z symmetry, which is responsible for an antisymmetric Rashba SOC:
where σ is the Pauli matrix vector and Ω k is the SOC field depending on the electron wave vector k; α so is the SOC constant and z is the unit vector in the z-direction.
On the experimental side, much effort has been focused on the identification of the parity mixing in intrinsic NCSs, using the measurements of the NMR relaxation rate, the magnetic penetration depth, thermal conductivity, etc. (see recent reviews in Refs. 3 and 6). In proximity NCSs, a number of electron transport measurements have been conducted on three-dimensional TI materials (see, e.g., Refs. [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] , reporting signatures of the spin-momentum-locked surface states. Despite a diverse range of observed properties, the key indicator of the mixed parity in both intrinsic and proximity NCSsthe magnetoelectric effect predicted by Edelstein 7 -has not been verified yet.
This paper is concerned with the observability of the magnetoelectric effect in electron transport. Some earlier theoretical predictions include spin Hall effects and nonequilibrium spin accumulation in superconducting structures, [42] [43] [44] [45] electrically controllable spin filtering on TI surfaces 46 and magnetoelectric 0 − π transitions in quantum spin Hall insulators. 47 The present paper elaborates on an interesting connection between the magnetoelectric effect and the nonunitary Cooper pairing in triplet superfluids and superconductors, which was pointed out in Ref. 26 . In nonunitary triplet superfluids and superconductors, [48] [49] [50] Cooper pairs carry a net spin magnetic moment ∼ id k × d * k associated with a complex vector order parameter d k . It turns out that a similar spin-polarized state can be induced at the surface of a TI proximitized by a conventional superconductor carrying a supercurrent. 26 Such a possibility is rather counterintuitive since in conventional superconducting hybrids there is no pairing interaction in the triplet channel, and so d k = 0. The role of the d vector in the TI is assumed by the proximity-induced triplet pair amplitude f (E, k, q) which depends on the phase gradient, q, generated by the supercurrent. Accordingly, the axial vector if (E, k, q) × f * (E, k, q) characterizes the supercurrentinduced pair spin polarization:
where the bar denotes averaging over the k directions (E is the energy with respect to the Fermi level rent generates bulk spin magnetization in a superconductor with Rashba SOC. Unlike the original effect, which is purely thermodynamic, the paradigm of the nonunitary pairing allows the detection of the magnetoelectric coupling in nonequilibrium charge transport. One possibility is Andreev tunneling between an NCS and a ferromagnet (F). The author's earlier realization of this proposal assumed a proximity NCS such as a TI/superconductor bilayer. 26 Here, both the proximity and intrinsic NCSs are treated on an equal footing (see Fig. 1 ). The idea is to exploit an analogy with the spin-valve effect, as illustrated in Fig. 2 . Indeed, an NCS/F junction acts as a spin valve in which the direction of q controls the orientation of the pair spin polarization if × f * with respect to the magnetization m in the F. Reversing the supercurrent direction (q → −q) is equivalent to switching the magnetic configuration of the structure, which produces the change in the tunneling Andreev conductance proportional to the pair spin polarization in the NCS:
where we used Eq. (2) (Γ ± are tunneling rates into the majority and minority states in the F). The main conclusion is that the Andreev tunneling is asymmetric with respect to the supercurrent direction specified by vector q. This asymmetry is a clear smoking gun for the magnetoelectric coupling in NCSs.
In the following, we will see that the conductance asymmetry emerges from the anomalous, equal-spin Andreev tunneling. That is, Eq. (3) demonstrates an electrical switching of spin-triplet transport, which is also interesting in the context of superconducting spintronics. [52] [53] [54] Beside the Rashba materials, we will treat the NCSs with a cubic crystal structure where the SO vector is proportional to k at long wavelengths,
with a distinctly different type of magnetoelectric coupling in Andreev transport.
II. INDUCED NONUNITARY SPIN-TRIPLET PAIRING
In this section, we explore the spin-polarized triplet pairing in NCSs carrying a dissipationless electric current. This specific type of Cooper pairing is a manifestation of the magnetoelectric effect (ME). Our goal is to point out a surprising connection between this MErelated pairing and the paradigmatic nonunitary pairing (NUP) in triplet superfluids and superconductors with a complex d vector satisfying id k × d * k = 0. [48] [49] [50] To that end, we propose a unified description of the ME-related pairing and the intrinsic NUP in terms of the Green function of the superconducting condensate,F (E, k). The calculation is done for a uniform superconductor with a single SO-split band and a mixed singlet-triplet pair potential involving an arbitrary complex d vector. The use of the condensate Green functionF (E, k) is motivated by two further circumstances:F (E, k) is directly related to observable transport properties (see next section), and it allows for a broader classification of Cooper pairing applicable to proximity-induced superconductivity 55, 56 and driven superconductors. 57 We identify the key common feature of the MErelated pairing and the intrinsic NUP: they are both characterized by a nonvanishing axial vector if (E, k) × f * (E, k) related to the Cooper-pair spin polarization (CSP), where f (E, k) is the vector triplet pair amplitude. The f -vector formalism allows one to extend the NUP paradigm beyond its original context, e.g., to ferromagnet/superconductor 58, 59 and 3D TI/superconductor 26 proximity structures. In these structures, we encounter induced NUP states. These can be defined as the triplet states that possess the CSP if (E, k) × f * (E, k) for zero or a purely real d vector. The ME-related pairing falls precisely into the latter category because it stems from the combined effect of the SOC and supercurrent and does not require a complex d vector. We will examine the induced NUP in two types of systems:
• Proximity NCSs based on normal systems with Rashba SOC (1) in the absence of any pairing interaction in the triplet channel. In this case, d k = 0.
• Intrinsic NCSs with a real d vector proportional to Rashba SO field,
where λ is the proportionality coefficient.
These two different systems will show a remarkable similarity in the structure and behavior of the CSP.
A. Condensate Green function for a mixed singlet-triplet pairing interaction
We assume that the normal system is a single-band conductor with the Hamiltonian
consisting of a spin-independent dispersion ξ k (measured from the Fermi level) and the SOC. The superconducting state is described by the Bogoliubov-de Gennes (BdG) Hamiltonian
where∆ k comes from the pairing interaction in both even-parity, spin-singlet and odd-parity, spin-triplet channels and is given bŷ
The wave-vector shift q accounts for the presence of a dissipationless electric current. We consider a weak current that does not affect∆ k , so the latter can be taken at q = 0. This approximation is justified provided that the CSP is calculated in the lowest order in q.
We intend to calculate the Green function,Ĝ(E, k), of the BdG equation:
whereÎ is the 4 × 4 unit matrix. The matrix structure of the BdG Hamiltonian (7) corresponds to the Green function matrix
where each entry is a 2 × 2 matrix in spin space:Ĝ(E, k) andĜ(E, k) are the quasiparticle Green functions, whilê F (E, k) and its hermitian conjugateF † (E, k) are the anomalous (condensate) Green functions. The corresponding matrix Eq. (9) can be written as
For ease of calculation we suppress the arguments of the functions and introduce the shorthand notations
Our goal is to calculate the condensate functionF . To that end, we consider the pair of equations forF andĜ: (15) where1 is the unit matrix in spin space. It is convenient to introduce the functionĜ = iσ yĜ and multiply Eq. (15) by iσ y from left:
We can now multiply Eq. (16) by (E − −σ ·Ω − )(∆−d·σ) from left and excludeĜ with the help of Eq. (17) . In this way, we obtain a closed-form equation forF :
After evaluating the products of the spin matrices, we can write Eq. (18) as
where the scalar D 0 and vector D are given by
Inverting Eq. (19) yields the condensate functionF explicitly:
Here, we introduce the singlet (f 0 ) and triplet (f ) pair amplitudes as
with the denominator defined by
We note that the triplet pair amplitude f in Eq. (23) is proportional to the vector D (21). The last two terms in Eq. (21) are specific to the intrinsic and induced NUP. We show next that they both produce the CSP in the form of the axial vector if × f * . In this sense, the fvector formalism allows for a unified description of the intrinsic and induced NUP effects.
B. Intrinsic nonunitary superconductors
This subsection follows Ref. 48 which defines nonunitary triplet states as odd-parity states with a nonzero vector product id × d * . 60 This case is recovered by setting the singlet pair potential ∆ = 0 and SO fields Ω ± = 0 in Eqs. (20) and (21). This yields D 0 = 0 and
Here, ∆ ± are the energy gaps for the pairing with the net spin projection parallel (+) and antiparallel (−) to vector id×d * . The paradigmatic example of the intrinsic NUP is the equal-spin pairing with
Such pairing involves the electrons with both spins in the z direction (↑), generating an excitation gap |d 0 (k)|, while the spin-↓ species remain unpaired. Above, x and y are the Cartesian unit vectors. From Eq. (25) we readily obtain the axial vector 
While this is expected for the intrinsic NUP, the question arises whether the CSP if (E, k) × f * (E, k) can exist irrespective of the d vector, e.g., in systems with d = 0 or real d vectors. Such a possibility is rather counter-intuitive and, as explained next, it can arise from the magnetoelectric coupling in mixed-parity NCSs.
C. Proximity NCSs with d = 0
In the following, we consider a normal SOC material proximitized by a singlet s-wave superconductor. This is an example of a proximity NCS for which the pairing interaction in Eq. (8) has d = 0. That is, the proximity effect is modeled by keeping only the singlet pairing in Eq. (8) . The wave vector is assumed two-dimensional:
The microscopic justification of this model in the presence of a supercurrent or an external magnetic field is given elsewhere (see, e.g., Refs. 61 and 62). The SOC converts the singlet Cooper pairs into a mixed-parity condensate described by the anomalous Green function [see Eqs. (22) - (24)]. For d = 0 and real (for simplicity) ∆, Eqs. (20) and (21) reduce to
and we readily obtain the proximity-induced singlet and triplet pair amplitudes (23) as functions of energy, wave vector and phase gradient:
The denominator Π(E, k, q) (24) is a real function given by
Its zeros yield the spectrum of the single-particle excitations. In the time-reversal symmetric case, with q = 0, Ω −k = −Ω k and ξ −k = ξ k , the spectrum has a gap ∆. Indeed, we can factorize Π(E, k, 0) as
which yields two spin-split BCS-like spectral branches
Interestingly, the f -vector (34) is complex. The imaginary term in Eq. (34) reflects broken time-reversal symmetry. It can be interpreted as the spin torque exerted by a supercurrent within a Cooper pair. The torque depends on the misalignment of the SO fields Ω k+q and Ω −k+q acting on the electrons in a Cooper pair. In the absence of the supercurrent (q = 0), the torque vanishes since by time-reversal symmetry the SOC vectors Ω k and Ω −k are antiparallel. We note that the imaginary part of the f -vector (34) is always orthogonal to its real part. This resembles the complex d vector in Eq. (27) . However, unlike the intrinsic NUP, the supercurrent-induced NUP involves all three triplet spin components, as illustrated in Fig. 3 . For Rashba SOC (1), the vectors Ω ±k+q lie in the xyplane, so does the real part of the f vector. It describes a mixture of the equal-spin triplets with the out-of-plane spin projections S z = ±1. The imaginary part of the f vector points out of the plane, yielding the amplitude of the triplet component with S z = 0. In the absence of the supercurrent, the S z = 0 triplet is forbidden by time-reversal symmetry.
By analogy with the intrinsic NUP, the vector product if (E, k, q) × f * (E, k, q) can be used to characterize the CSP. We calculate it at the Fermi level (E = 0) as
The CSP (40) is odd in q. We can therefore linearize it with respect to q. Expanding Ω ±k+q ≈ ±Ω k +(q·∇)Ω k , we approximate the particle-hole torque by the lowest order term:
In this order, the other factors in Eq. (40) should be taken at q = 0, which yields 
Then, assuming an isotropic ξ k , we average Eq. (44) over the k directions:
The bar denotes the angle integral 2π 0 dϕ k /(2π)... over the directions of k, and we used the identity
for the averaged product of the projections of k = [k x , k y , 0] (where a, b = x, y).
An illustrative example of a proximity NCS is a Diraclike surface state of 3D TIs at a finite chemical potential µ. In this case, ξ k = −µ, and Eq. (45) yields
The emergence of the CSP in response to a supercurrent indicates the magnetoelectric coupling provided by the SOC constant α so . Furthermore, akin to the currentinduced thermodynamic spin magnetization, 7-10 the direction of the CSP is perpendicular to the applied supercurrent (see also Fig. 4 ).
D. Intrinsic NCSs with real d vectors
Here, we extend the idea of the induced NUP to NCSs with a nonzero real d vector given by Eq. (5). In such systems the f -vector classification of the triplet pairing is entirely reducible to that in the proximity NCSs. The wave-vector space is assumed three-dimensional:
We will see that the inclusion of the d vector (5) amounts only to a renormalization of the scalar prefactors in the f vector and CSP. Indeed, let us take Eq. (21) which for real d and ∆ reads
To proceed, we notice that for any k-linear SO fields
the d vector in Eq. (5) can be written as
This helps to cast Eq. (49) into the same form as in the proximity NCSs [cf. Eq. (32)]:
but with the renormalized scalar factors:
Accordingly, the f vector and the CSP are given by similar equations as in the proximity NCSs. For example, at the Fermi level (E = 0) we have [cf. Eqs. (34) and (40)]
and
where ∆ k,q and ξ k,q are the renormalized functions
[the explicit form of Π (0, k, q) is not essential here]. Taking again advantage of the linear relations (50), we find the linearized CSP as
(60) The prefactors ∆ k and ξ k are given by Eqs. (58) and (59) with q = 0:
The averaging of the CSP (60) over the k directions can be done with the help of the identity
where Ω a,b k are the Cartesian projections of the vector Ω k labeled by the superscripts a and b each running independently over x, y, and z. The bar means the k-space solid angle integration sin θ k dϕ k dθ k /(4π)..., which yields the prefactor 1/3 as opposed to 1/2 in the 2D case [cf. Eq. (46)]. Beside the Rashba materials, the identity (62) holds for cubic systems with the point group O where the SO field is given by Eq. (4).
Combining Eqs. (60) and (62), we arrive at the final result for the averaged CSP:
The equation above summarizes the results for the CSP in tetragonal and cubic NCSs with the SOC given by Eqs.
(1) and (4), respectively. In materials with Rashba SOC, regardless of the origin of superconductivity (intrinsic or proximity induced), the CSP has the same structure and dependence on the applied supercurrent. This conclusion points to a generic connection to Edelstein's magnetoelectric effect. [7] [8] [9] [10] We argue, however, that the CSP is a different observable which is related to the nonequilibrium Andreev transport rather than the thermodynamic magnetization of NCSs.
III. MIXED ANDREEV REFLECTION AND MAGNETOELECTRIC EFFECT IN NCS/FERROMAGNET JUNCTIONS: NEGF THEORY
In this section, we clarify the relation between the CSP if × f * and Andreev transport. The discussion follows the analysis of Ref. 26 which is expanded here to illustrate the intricate coexistence of the ordinary (opposite-spin) and anomalous (equal-spin) Andreev processes. We consider a tunnel junction between a superconductor (S) with a generic condensate Green function k) ]iσ y and a ferromagnet (F) modeled by the Stoner Hamiltonian
where the bare band dispersion η k is split into the majority (η k − J) and minority (η k + J) spin bands by the exchange interaction parametrized by energy J > 0 and the unit vector m specifying the magnetization direction. The junction is described by the tunneling Hamiltonian (see also Fig. 5 )
where a † sk and a sk are the creation and annihilation operators in the S, b † sk and b sk are the analogous operators in the F, s =↑, ↓ is the spin projection on the z-axis, and t k,k is the tunneling matrix element obeying the timereversal symmetry: t * k,k = t −k,−k . A finite bias voltage V at the junction generates the tunneling current its version for conventional S/F junctions. 64 This method relates the current to the Green functions of the leads, thus establishing a direct connection to the triplet f vector of the superconducting condensate [see Eq. (22)]. The manifestation of the triplet pairing in superconducting transport has been a subject of a number of earlier studies (see, e.g., Refs. 65-70) using the real-space BdG method. The NEGF approach used here is particularly suitable for the induced NUP states which, as we have seen, may not possess the d vector at all. Assuming that the single-particle transport is suppressed by the excitation gap, we focus on the Andreev reflection (AR) contribution, I A , which appears in the fourth perturbation order and has the form (cf. Ref . 71):
where n(E) is the Fermi distribution function and A(E) is the AR probability given by
The structure of this equation reflects the AR mechanism, whereby a particle [represented by the spectral functionρ F (E, k)] is converted into a Fermi-sea hole moving back in time [hence the spectral function ρ * F (−E, −k)], while a Cooper pair is created in the S. The latter process is described byF (E, k) and its hermitian conjugateF † (E, k); Tr is the spin trace operation. The F spectral function is related to the advanced and retarded Green functionsĜ
which for the Stoner model (65) yieldsρ F (E, k) = α=± ρ α (E, k)P α , where
are the spectral density and the spin projector for the majority/minority states, and α = ± denote the spin projections of the majority (+) and minority (−) states on the magnetization direction m.
The explicit form of Eq. (69) is
Here, TP β T −1 =P −β is the spin projector of the hole obtained with the time-reversal operation T = iσ y K (K is complex conjugation). Equation (72) can be cast into compact form as
wherer α,β k1,k2 (E) is a matrix in spin space given bŷ
(74) This matrix describes the conversion of a particle with spin α into a hole with spin −β through the creation of a Cooper pair in a mixed singlet-triplet state. Tracing over the spin, we find
This result illustrates a mixed character of AR which generally involves two different processes. One is the opposite-spin AR in which the hole spin projection, β, is antiparallel to that of the particle, β = −α [see Eq. (75)]. This process creates a Cooper pair with the zero total spin projection on the magnetization direction m.
If f = 0, this is just the usual AR 73 only expressed in the tunneling language. The other process involves the particle and the hole with equal spin projections, β = α [see Eq. (76)]. In this case, the Cooper pair is created in a triplet state with the total spin projection 1 on the magnetization direction m. Such equal-spin AR occurs for a non-collinear orientation of the f and m vectors and is accompanied by the transfer of the spin angular momentum and torques on the magnetization. We note that both types of torques, m × (f × m) and f × m, appear. The equal-spin AR has been demonstrated also in other systems by the real-space BdG method (see, e.g., Refs. 74 and 75). In Eq. (76), the symbol ... means the norm of a complex vector, i.e. V = √ V · V * . There is a close mathematical analogy between the f vector and the spin accumulation in normal metals, 76 which exerts similar torques on the magnetization (see also Refs. 77-81 for superconducting spin transport and torques in other contexts).
A suitable observable to access the mixed AR is the zero-bias and -temperature conductance: G = ∂I A /∂V | V,T →0 . It is proportional to the AR probability at the Fermi level: G = (2e 2 /h)A(0). Using Eqs. (73), (75) , and (76), we find
The equal-spin AR conductance (78) depends on the CSP. To see this, let us consider the AR process that results in the injection of an electron pair from the S into the F. Since the two electrons produce the torques independently, one of the torques can have the form
Here the complex conjugation reflects the time-reversal relation within the pair. The product of these torques is
, which is precisely the CSP projected on the magnetization direction. In Appendix A, we derive the CSPdependent part of Eq. (78) . Using the notation G odd , we can write it as
where we introduce the energy Γ α k,k = π k1 t k1,k t * k1,k ρ α (0, k 1 ) characterizing the tunneling rates into the majority and minority F states. The wave-vectors of the tunneling electrons are generally different, as seen from Eq. (79) . This result takes a simpler form for random tunneling which suppresses the incoherent terms with k = k (see Appendix B):
where Γ ± are the k-independent tunneling rates defined in Appendix B. The axial vector if (0, k) × f * (0, k) couples directly to the magnetization m and is, therefore, a valid observable characterizing the magnetism of the Cooper pair condensate.
The existence of the odd AR conductance (80) implies a possibility to detect the magnetoelectric effect in NCSs. A hallmark of the magnetoelectric effect is the conversion of an electric current into spin magnetization which, in the above theory, is represented by the CSP if (0, k, q) × f * (0, k, q) calculated in Sec. II. Those results can be used for NCS/F junctions provided that the current is applied parallel to the junction interface, as sketched in Fig. 2) . In the following, we illustrate the details for intrinsic and proximity NCSs separately.
A. Intrinsic NCSs with real d vectors
In this case, the current-induced CSP is given by Eqs. (63) and (64), hence the AR contribution in Eq. (80) is odd in the phase gradient q. The detection scheme relies on the fact that G odd (q) makes the total AR conductance G(q) asymmetric with respect to the direction of q. The difference between G(q) and G(−q) is simply twice the odd term
This demonstrates the magnetoelectric switching of the AR conductance by an electric supercurrent. Combining Eqs. (63), (64) and (80), we find the switching conductance as
The constant C stands for the integral over the wave vector length k in Eq. (80):
Magnetoelectric AR ratio (85) versus the absolute value of superconducting phase gradient q (in units of µ/αso) and ferromagnet spin polarization P for ∆/µ = 0.1 (a) and ∆/µ = 10 (b).
where V is the volume of the system. The switching conductance (83) is an unambiguous probe of the magnetoelectric effect. We also note that the tetragonal and cubic NCSs are expected to show qualitatively different behaviors of ∆G(q).
B. Proximity NCSs with d = 0
For concreteness, we consider a proximity NCS as realized at a 3D TI surface with a current-biased superconductor on top (see also Fig. 1) . The CSP has the simplest form for a linear (Dirac-like) surface spectrum [see Eq. (47)], allowing a quantitative estimate of the magnetoelectric switching effect. For that purpose, it is convenient to introduce the ratio of ∆G(q) to the zerocurrent conductance G(0), which we call here the magnetoelectric AR ratio. In Appendix B, we calculate this ratio and find
where P = ρ+−ρ− ρ++ρ− is the spin polarization of the F expressed through the densities of the majority, ρ + , and minority, ρ − , states at the Fermi level, m z is the magnetization component perpendicular to the SOC plane, and the functions F s,t (x) = 1 + come from the k integrals in the singlet (s) and triplet (t) terms in Eqs. (77) and (78) . 
IV. DISCUSSION AND CONCLUSIONS
In Fig. 6 , the magnetoelectric AR ratio (85) is plotted as function of the absolute value of the phase gradient, q, and the ferromagnet spin polarization P . The magnetization m is assumed to be in the SOC plane (m z = 0) and perpendicular to vector q. As seen from Fig. 6 , the ratio (85) attains sizable values with increasing q and P . The highest value is achieved for a fully spin polarized F with P = 1 and given by
The numerical factor of 4 is the consequence of the axial vector structure of the CSP and its odd dependence on the phase gradient. Because of this factor, the magnetoelectric AR ratio can be of order of 1 even for α so q/µ < 1. Furthermore, the maximum ratio (86) is independent of the singlet gap ∆ [cf. also Figs. 6a and b] . This reflects the fact that for a fully polarized F only the triplet equal-spin AR is possible. The opposite-spin AR conductance in Eq. (77) vanishes in this case. To elaborate on this point, in Fig. 7 we plot Eq. (85) as function of the normalized singlet gap ∆/µ for several values of the ferromagnet spin polarization P smaller than 1. The magnetoelectric AR ratio is suppressed with increasing ∆/µ because of the growing contribution of the opposite-spin AR in the conductance G(0). Still, the switching effect remains well pronounced for ∆/µ < 1. This is also the most typical experimental regime. Another feature of the magnetoelectric switching effect is its high anisotropy in the relative orientation of the F magnetization and the supercurrent. For tetragonal NCSs and TI/S proximity structures the switching effect is largest when the F magnetization is perpendicular to both supercurrent and interface, while for cubic NCSs the maximum switching value is expected for parallel m and q. Besides, the magnetoelectric AR ratio depends also on the orientation of m with respect to the SOC plane. The latter dependence is not related to the CSP, coming from the zero-current conductance G(0) (see Appendix B) in agreement with the results of Ref. 83 for a Rashba S/F interface.
In conclusion, this paper has demonstrated the principal possibility of detection of the magnetoelectric effect in NCSs through Andreev tunneling. The proposal relies on the magnetoelectric switching of the tunneling conductance enabled by the anomalous, equal-spin AR. The latter is intimately related to the nonunitary triplet pairing in NCSs in the presence of an electric supercurrent. Because of a very strong spin-orbit coupling in 3D TIs, their Dirac-like surface states can be particularly suitable for an experimental realization of this proposal in hybrid proximity-effect structures. However, the model is also applicable to intrinsic NCSs with real d vectors, predicting qualitatively different behaviors of the magnetoelectric switching conductance for tetragonal and cubic lattice structures. The established link between Andreev tunneling and nonunitary triplet pairing is valid beyond the immediate context of this paper. This theory can be implemented for transport characterization of the unconventional triplet superconducting states in LaNiGa 2 (see Refs. 60 and 84) and in ferromagnetic SrRuO 3 /Sr 2 RuO 4 junctions (see Ref. 85) .
and here, we use the notation G odd for this term. The rest of the terms are even in m (see also proof in Sec. B). We can therefore partition the conductance into the even and odd parts as follows
where
+ 2e
while G odd is given by Eq. (79) of the main text.
In the following, we restrict ourselves to the short-ranged real-space correlations which in k space have a constant correlation function ζ k ≡ ζ = const. In this case, Eq. (B5) is reduced to t k1,k t * k1,k t * k2,k t k2,k = ζ 2 (δ k,k + δ k1+k2,k+k + δ k1,k2 ). 
Here, the first term involves the double sum over k, whereas the rest are single series over k. Due to this fact, the first term provides the leading contribution to the average conductance. In the following, we will only keep the leading contribution (B7).
Ensemble-averaged Andreev conductance
Let us now perform the ensemble averaging of the odd conductance in Eq. (79) 
Here, Γ α are the tunneling rates for a disordered interface. They are proportional to the densities of states at the Fermi level, ρ α , and the correlator of the tunneling matrix, ζ. This result is quoted in Eq. (80) of the main text and is valid for a generic nonunitary pairing. Let us focus specifically on a Dirac-like 3D TI surface state with the supercurrent-induced CSP given by Eq. (47)] of the main text. In this case, the k integration in Eq. (B9) can be done exactly:
= 2e
Here, a is the surface area and F t (x) is the dimensionless function of the ratio x = ∆/µ given by 
